Introduction
Fullerenes show various functions when they are photo-chemically treated with several polymers.
[1] In particular, the utilization to the DNA cleavage [2] and the photosensitive resin [3] are attracting much attention, because the quantum yields of singlet oxygen production from triplet C6o is 0.96 ± 0.04. [4] Upon photoexcitation, singlet C60 undergoes intersystem crossing to generate triplet-excited state with quantum yield of nearly unity. The relatively low reduction potential implies that C60 is a good electron acceptor. Photochemical studies on C60 have revealed that singlet, triplet, and ground state of C60 are all good electron acceptors.
[4] Therefore, when C60s are used in the presence of polymer having relatively low ionization potential (IP), the electron transfer from polymer might quench them.
Previously, solvent-soluble polyimides consisting of furan-substituted diamine and 4,4-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) were synthesized in our laboratory and their photocuring behavior in the presence of C60 was studied extensively.
[5] During the course of this photosensitive resin study, we conclusively demonstrated that the resultant photochemical interaction between polyimide and triplet C60 reduced the lifetime of triplet C60. Then, we identified triplet state of C60 in the presence of several polyimides using laser flash photolysis and determined their lifetimes. We found that the triplet lifetimes of C60 were about an order of magnitude of the IP of the corresponding model imide compounds.
In this paper, we investigate the effect of chemical structure of polymer on the lifetime of triplet C6o in y-butyrolactone solution of polyimide. The results are readily interpreted in term of quenching of excited triplet C60 involving the electron transfer from polyimide having low IP. This is the first report on the direct control of photoinduced electron transfer from polyimide to C60.
Experiments 2.1. Materials
Fullerene C60 (>99.98%) was purchased from Term Co. and 6FDA (Mitsui Chemicals Inc.) was commercially available. y-Butyrolactone (Tokyo Kasei Co.) and dimethyl formamide (DMF) (Tokyo Kasei Co.) were used as received.
Measurements
'H -and 13C-NMR spectra were recorded using a JEOL JNM-EX270 FT NMR operating at a nominal frequency of 400 MHz in CDCl3 or dimethyl sulfoxide-d6 with tetramethylsilane (TMS) as an internal reference. Infrared (i.r.) spectra were recorded using a KBr pellet or a cast film of polyimide on a Perkin-Elmer FTIR1600 spectrometer. The inherent viscosity of polyimide in y-butyrolactone (C = 0.5 gdL-') was measured at 30 °C with a cannon fenske viscometer . Thermal analyses were performed using a TA Instrument 5000 for thermogravimetric analysis (t.g.a.) under air atmosphere with 10 °Cmin I temperature ramps. The t.g.a. measurement was performed on polyimide films prepared by a coating of Y butyrolactone solution and dried for several hours in vacuo at 100 °C.
Laser photolysis studies of C60 were carried out using a Nd-YAG laser (HY 500 from JK Lasers J. Photopolym. Sci. Technol., Vol.14, No.2 , 2001 Ltd.) equipped with the second harmonic (532 nm) generator. For monitoring the decay of the transient absorption, analyzing beams from a pulsed Xe lamp were passed through the sample solution in a quartz cell (1 cm x 1 cm), which was degassed by bubbling Ar for 15 min, and the output from the photomultiplier (R758 from Hamamatsu Photonics) was fed to a digital storage oscilloscope (Model Gould 630 from Gould Instrument System Ltd.).
2.3. Preparation of furan-substituted diamine monomers.
3,5-Bis(4-aminophenoxy)benzyl 2-furoate (p-BABF) as a furan-substituted diamine monomer was prepared according to an improved method on the basis of Moody's report.
[6] Indium powder (32g) and saturated aqueous ammonium chloride solution (45 ml) were added to a solution of 3,5-bis(4-nitrophenoxy)benzyl 2-furoate (9.52 g in 80 mL DMF). The mixture was stirred at 52 °C under a nitrogen atmosphere for 11 h, after which the starting material had been totally consumed to form an intermediate, as judged by thin layer chromatographic (TLC) analysis. While the reaction mixture was heated at 63 °C for 2.5 h, the intermediate formed in the first step was converted into the final product, BABF as evidenced by the TLC analysis. The usual work-up of the reaction mixture (filtration and extraction with ethyl acetate from the filtrate) gave the crude product as yellow viscous oil. Flash chromatography on silica gel (elution with chloroform) gave the pure diamine p-BABF as pale yellow crystals (6.65g, 80%, m.p. 118-122 °C from isopropyl alcohol). The spectroscopic data (FT-IR, ' H and ' 3C-NMR) and elemental analysis were consistent with the given structure. Similar indium reduction of 1,3-bis { 4-vitro-2-(2-furoyloxymethyl)phenoxy } ben zene and 3,5-dinitrobenzyl 2-furoate gave the corresponding furan-substituted diamine, 1,3-bis { 4-amino-2-(2-furoyloxymethyl)phenoxy }be nzene (p-DFDA) and 3,5-diaminobenzyl 2-furoate (1,3-DBF) as pale yellow crystals (m. p., p-DFDA; 124-127 °C, 1,3-DBF; 123-125 °C) in 84% and 82% yield, respectively.
Typical procedure
for preparation of furan-substituted polyimide (FPI) by chemical imidization
The typical procedure of polymerization is as follows: To a solution of p-BABF (1.OOmmol) in 3.5 mL of 'y-butyrolactone, 6FDA (1.OOmmol) was added at room temperature with stirring. After stirring for 6 h, the solution was poured into water/methanol (1/1, v/v), and the heterogeneous solution was stirred for 1 h. The poly(amic acid) (PAA) was filtered off and dried under vacuum. PAA (1.00 g) was dissolved in 10 mL of y-butyrolactone at room temperature; then acetic anhydride (3 mmol) and pyridine (3 mmol) were added and stirred at 114-120 °C under a nitrogen atmosphere for 72 h. The resulting solution was poured into methanol, and the precipitate formed was collected by filtration and dried under vacuum for 24 h at 50 °C to give furan-substituted polyimide (FPI) as grayish white powder. The introduction of fluoroalkyl groups into the main polymer chain increases both the transparency and the solubility of polyimide. Therefore, we chose 6FDA as a tetracarboxylic dianhydride. The furan-substituted diamine monomers, p-BABF, p-DFDA and 1,3-DBF were prepared by the mild indium reduction of the corresponding dinitro compounds in good yield. p-BABF and p-DFDA have a framework of flexible Aryl-O-Aryl bonds. Hence, the introduction of p-BABF or p-DFDA into the polyimide main chain is expected to lower its glass transition temperature (Tg) without sacrificing its heat-resistance.
In order to utilize the photo-oxidation induced polycondensation (POP) reaction for a photosensitive polyimide, FPI was prepared by the ring-opening polyaddition reaction of p-BABF with 6FDA, in 7-butyrolactone solution, followed by chemical imidization with pyridine and acetic anhydride as shown in Scheme 1. The resulting solution with an inherent viscosity of 0.45 dL/g was obtained. The polymer was identified as the corresponding polyimide by infrared spectroscopy (IR). The IR spectrum showed characteristic absorptions at 1784 and 1725 cm' due to the imide carbonyl group. The disappearance of the amide absorption peak at around 1650 cm' in polyamic acid the complete cyclization to imide was achieved under the above-described chemical imidization conditions. The chemical imidation of p-DFDA and 1,3-DBF with 6FDA under the similar conditions gave corresponding FPI, respectively. All the polyimides obtained were found to be readily soluble in 7-butyrolactone, NMP or DMAc.
Photochemical studies.
The photo-crosslinking of POP polyimide film proceeds by the photo-oxidation induced crosslinking summarized in Scheme 2. Singlet oxygen ('02) is generated by the energy transfer from triplet-excited C60 (3C60*) to the atmospheric ground-state oxygen (302), which oxidizes furan moieties to form furan endoperoxide on the side chain of polyimide, the intermolecular polycondensation is then induced by dehydration between the furan peroxide and active hydrogen of polyimide to construct the polyimide network. Electron transfer from amino compound to 3c 60 is known to cause a quenching of 3C60*. The electron transfer from imide group of a polyimide to 3C60* may quench 3C60* having high electron affinity. Fig. 1 presents the decay of 3C60* with and without FPI in 'y-butyrolactone at 300 K, as monitored at a fixed probe of T-T absorption wavelength of 740 nm. It was found that the lifetime of 3C60* was determined to be 15.2 µs in the presence of p-BABF/6FDA FPI. This lifetime is considerably shorter than the inherent lifetime of 3c 60* in our experiment, 29.9µs. This result is considered to reflect the occurrence of electron transfer from FPI to 3C60*• The quenching rate constant of 3C60* by p-BABF/6FDA polyimide was determined to be 2.7 x 106 M's', while that by oxygen molecule is known to be ca. 2 x 109 M's'.
The oxygen solubility coefficient in polyimide film is typically 4-5x103 cm3/cm3cmHg. Since the concentration of 02 in polyimide film is much lower than that of imide group in polyimide, the competitive quenching of 3C60* by imide groups and oxygen molecules may occur. However, the hindering the energy transfers from 3C60* to 02 for an imide groups is likely to be small, because the diffusion of 02 is adequately fast in comparison with the mobility of the polymer chain. Additionally, N methyl-2-pyrolidinone (NMP) and DMAc, effective solvents for polyimide, decrease the lifetime of 3C60* to 5.0 and 5.2 µs, respectively probably due to a similar electron transfer from the solvents. Thus, these solvents cannot be usedd in the POP system. Since Y butyrolactone and 1,1,2,2-tetrachloroethane hardly decrease the lifetime of 3C60*, they can be used as solvents without problems.
It is expected that the photosensitivity of the POP resin can be improved by raising IP of the polyimide. We synthesized two kinds of polyimides with higher IP than p-BABF/6FDA polyimide, and measured the kq in their presence. The results showed that the kq dramatically decreased with the increase in IP as shown in Table 1 . The quenching rate indicated that with polyimide 3 the reaction is about 1/10 as fast as with polyimide 1. This is the evidence that the photoinduced electron transfer from polyimide to C60 is controlled by the polymer structure.
Conclusion
We have shown that quenching of triplet C60 involves the electron transfer from polyimide with low ionization potential in solution.
The quenching efficiency can be reduced in the presence of m-substituted aromatic polyimide which has relatively high ionization potential. It was concluded that the quenching rate of triplet C60 in the polyimide solution structure of polymer. strongly depended on the
